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Following several years of small phreatic eruption events, Shinmoedake volcano in Kyushu, Japan, began a new
phase of activity on 19 January 2011. The eruption commenced with a small phreatomagmatic event followed
by subplinian events on 26 and 27 January. Lava emerged as a dome in the summit crater on 27 January and
ﬁlled the crater until the beginning of February. During the subplinian events and lava dome growth, deﬂation
of the deep magma chamber was observed by tiltmeters and GPS. Eruptive activity began to decrease in March
2011 and no eruptive event occurred after the 7 September 2011 event. In response to the eruption, the Japan
Meteorological Agency (JMA) issued warnings repeatedly to prepare local people and infrastructures around
Shinmoedake. JMA did not raise the Volcanic Alert Level before the ﬁrst subplinian event, because of a lack
of clear precursory signals. We conclude that a large amount of magma moved in the shallow Shinmoedake
plumbing system for a short time, based on a number of geophysical observations. It is important to detect
magma movement and understand eruptive phenomena quickly in order to mitigate risks of volcanic hazards.
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1. Introduction
Kirishimayama, located in southern Kyushu, Japan, is a
group of more than 20 basaltic-andesite volcanoes (Fig. 1).
Kirishimayama is one of famous sightseeing areas in
Kyushu, and has many hot spring resorts. Kirishimayama
has more than 10 volcanoes which were active during the
last 22,000 years, including very active volcanoes such as
Shinmoedake, Ohachi and Iwoyama with historical erup-
tion records. Shinmoedake (1,421 m of peak altitude) is
a stratovolcano which is located at the center of Kirishi-
mayama. Before the 2011 eruption, magmatic eruption oc-
curred in 1716–1717, when subplinian events occurred, be-
ing associated with pyroclastic ﬂows and mudﬂows. Imura
and Kobayashi (1991) showed that the eruption progressed
from phreatic to magmatic phases in the 1716–1717 erup-
tion. After this eruption, Shinmoedake experienced re-
peated small eruptions before 2011.
After repeated phreatic eruption events in 2008 and 2010,
Shinmoedake began magmatic eruptions in January 2011.
Following a small phreatomagmatic event on 19 January
2011, the volcanic activity began with a subplinian event
on 26 January. Three subplinian events, effusion of lava in-
side the summit crater and frequent vulcanian events took
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place. Here, we deﬁne “vulcanian event” as an eruption
event accompanied by a strong shock wave and an explo-
sion earthquake. During the subplinian events and effusion
of lava, deﬂation of the deep magma chamber was observed
by tiltmeters and GPS.
Over the course of the 2011 eruption, falling of a large
amount of tephra and shockwaves damaged people’s lives
and houses around Shinmoedake. To manage risks from
volcanic eruption events of the 2011 eruption at Shin-
moedake, the Japan Meteorological Agency (JMA) issued
“volcanic information” to announce risks and restrictions
on approaching to the volcanic areas for the public and oth-
ers. JMA adopted a system of “Volcanic Alert Level” for
active volcanoes in December 2007 (Ikeuchi and Yokota,
2007). This system was applied also to Shinmoedake in
2007, and JMA tried the risk management during the 2011
eruption by operating this system.
In this paper, we provide an overview of the 2011 erup-
tion with the geophysical monitoring results mainly, and
discuss the effect and problem of Volcanic Alert Level in
the 2011 eruption at Shinmoedake.
2. Volcano Monitoring at Shinmoedake Volcano
The Fukuoka District Meteorological Observatory
(FDMO) and the Kagoshima Local Meteorological Obser-
vatory (KLMO) of JMA jointly monitor the activity of Shin-
moedake Volcano with a real-time network consisting of
seismometers, low-frequency (LF) microphones, tiltmeters,
GPS stations and cameras. This monitoring is carried out
in cooperation with the University of Tokyo, Kyushu Uni-
versity, National Research Institute for Earth Science and
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Fig. 1. Topographic map of Kirishimayama.
Disaster Prevention, Geospatial Information Authority of
Japan and Kagoshima Prefecture. Figure 2 shows locations
of the observation stations and instrument sites for Kirishi-
mayama. Monitoring data are telemetered to FDMO and
KLMO via telephone lines and radio. Before the 2011
eruption, JMA had installed 14 seismometers, 3 LF mi-
crophones, 6 tiltmeters, 11 GPS stations and 4 cameras
in Kirishimayama in cooperation with other organizations.
When the 2011 eruption started, JMA installed 6 additional
seismometers, 3 LF microphones, 4 tiltmeters and 2 cam-
eras to strengthen monitoring of Shinmoedake in cooper-
ation with other organizations. JMA conducted periodi-
cal areal observations by helicopters in cooperation with
the Ministry of Defense, the Ministry of Land, Infrastruc-
ture, Transport and Tourism, and Kagoshima and Miyazaki
prefectures. In addition, volcanic gas (SO2) measurement
and ﬁeld survey of eruption products were also carried out
jointly with researchers of universities and Geological Sur-
vey of Japan.
3. Prior to the 2011 Magmatic Eruption
After small phreatic eruptions in 1991, Shinmoedake had
been calm until the summer of 2008. On 19 August 2008,
the number of volcanic earthquakes beneath Shinmoedake
began to increase (Fig. 3). A small phreatic event occurred
on 22 August. Although the ash plume was not identiﬁed
due to bad weather, volcanic ash fell over the northeastern
area up to about 20 km from the volcano. The eruption
event continued for several hours. The total mass of tephra
of this event was estimated as 2.0 × 105 t (Geshi et al.,
2010). JMA carried out an aerial survey of the crater in co-
operation with the Kyushu Regional Development Bureau,
of the Ministry of Land, Infrastructure, Transportation and
Tourism on 24 August, and observed new ﬁssures of 300–
400 m long, trending E-W, on the western outer-slope of the
crater. The seismic activity rapidly declined after 22 August
and volcanic plume activity gradually declined toward Jan-
uary 2009 (Fig. 3).
Both campaign and continuous GPS observations by
JMA detected local ground deformation changes at Shin-
moedake summit area before the 22 August 2008 eruption
event. Inﬂation of the summit area was observed during
2005 to 2007, while deﬂation of the same area began in
2007 and continued until 2009, and the pressure sources for
the inﬂation and deﬂation were identical, about 500–600 m
below the crater with the volume changes of the inﬂation
of about 1 × 105 m3 (Takagi et al., submitted). More ex-
tensive ground deformation observed by Geospatial Infor-
mation Authority of Japan showed a source of increasing
pressure at 6–10 km depth, several kilometers northwest of
Shinmoedake from the end of 2009 (Imakiire and Oowaki,
2011). The volume change for this source from the end of
2009 to January 2011 was calculated as 1.5×107 m3 (Imaki-
ire and Oowaki, 2011). Only after 2011 Shinmoedake erup-
tion started, was it realized that this extensive deformation
was caused by magma accumulation in the magma chamber
that was located not just under the Shinmoedake crater but
northwest of Shinmoedake.
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Fig. 2. Location of monitoring and observation stations (include stations installed by other organizations). Close Squares are seismometers, open
squares are LF microphones, diamonds are GPS stations, stars are movie cameras, and triangles are tiltmeters. Top panel shows network station
density before January 2011. Bottom panel shows additional stations installed following the onset of the 2011 eruption.
Fig. 3. (Top) Height of passive volcanic plume and eruptions include phreatic, phreatomagmatic, and magmatic eruption (triangles) at Shinmoedake
from January 2006 to January 2011. There was no plume at all prior to late 2008. (Bottom) Daily number of volcanic earthquakes (all types).
On 30 March 2010, a small phreatic eruption event oc-
curred at Shinmoedake. The ash plume rising 400 m above
the crater and a very minor ashfall covering inside the crater
and the western slope and ﬂank of the crater was observed
by an aerial survey on the same day; this was carried out
in cooperation with Kyushu Regional Development Bureau,
Kagoshima and Miyazaki prefectures. The tephra mass of
this eruption was estimated as a few ten tons by Kobayashi
et al. (2011). Similar small phreatic eruption events oc-
curred at Shinmoedake on 17 April, 27 May, 27 and 28
June, and 5 and 10 July (Table 1). The mass of tephra from
the 27 May event was estimated as approximately a few
hundred tons (Kobayashi et al., 2011). Ash of the 30 March
event was mainly composed of altered material, and that of
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Table 1. List of 2008–2012 main eruptions of Shinmoedake.
the 27 May 2010 event included a very small amount of
glass scoria, suggestive of juvenile material (Suzuki et al.,
2013). Other samples from these phreatic events were not
collected.
After the eruption event on 10 July 2010, the number of
volcanic earthquakes gradually decreased. However, at the
beginning of October 2010, seismicity increased slightly
and the plume activity became somewhat more vigorous
(Fig. 3).
During the period from 27 May to 10 July, the volcanic
activity in the crater was monitored by a video camera in-
stalled on the crater rim. Based on the comparison of the
video footage with seismic and tilt records (Fig. 4), it is
clearly indicated that tremor event associated with inﬂation
at the shallow part beneath the crater began several minutes
before the eruption event. The inﬂation turned into deﬂation
immediately after ash was emitted (Kato et al., 2010).
We evaluated the relative magnitudes of individual
phreatic eruption events by comparing seismic and infra-
sonic signals. Table 1 summarizes the amplitudes of vol-
canic tremors and infrasonic signals for these events. The
infrasonic signals associated with the eruption event in 2008
could not be identiﬁed as they were masked by wind noise.
Their amplitudes are similar for all phreatic eruption events,
K. KATO AND H. YAMASATO: THE 2011 ERUPTIVE ACTIVITY OF SHINMOEDAKE VOLCANO 493
Fig. 4. Velocity seismogram of vertical component at station SSE (see Fig. 1), tilt record at TCG (see Fig. 1) and visual images of 27 May 2010 event.
The number on seismograms corresponds to the number on visual images.
and are about one order of magnitude smaller than those
for the magmatic eruption events which started in January
2011.
4. Overview of the 2011 Eruption—Time Se-
quence
At 01:27 on 19 January 2011 (JST used throughout this
paper), a small eruption event occurred. Although an
ash plume of this eruption was not witnessed due to bad
weather, ash fall was observed at Miyakonojo and Nichi-
nan cities, Miyazaki Prefecture, located about 60 km south-
east of Shinmoedake. The ash emission continued for about
2 hours. The amplitude of volcanic tremor and infrasonic
wave for this event were similar to those of phreatic erup-
tion events in 2008 and 2010 (Table 1). However, accord-
ing to Geshi et al. (2011) and Suzuki et al. (2013), the ash
of this eruption event contained pumiceous particles about
10% in volume. Therefore, it is considered that this erup-
tion was phreatomagmatic and new magma had reached to
a shallow level under the Shinmoedake crater.
On 26 January, the eruptive activity became vigorous; an
ash plume continuously rose about 200 m above the crater
from 07:31, and the amount of the plume increased sud-
denly at 14:49 and the plume reached over 3,000 m above
the crater. Shimbori et al. (submitted) estimated the plume
height during 17:11 to 17:19 as 7,000 m above the crater
based on the ground-based weather radar and meteorolog-
ical satellite data. A large amount of ash and pumice fell
downwind; small pumices of 7–8 cm in diameter were
found in Kirishima City, about 3 km from Shinmoedake.
This was a subplinian event, clearly suggesting that the ac-
tivity of Shinmoedake had entered into a magmatic stage.
Two other subplinian events occurred within the next 24
hours. Weather radars and meteorological satellite of JMA
detected volcanic ash clouds from these events. Coinciding
with these events, very large amplitudes of volcanic tremors
and infrasonic signals were observed (Table 1; Fig. 5). JMA
conducted ejecta surveys on 27 January 2011, and found
that ash fall deposits were several centimeters thick at about
3 km southeast of the crater. These subplinian events con-
tinuously emitted large amounts of ash which caused delays
in air trafﬁc. Nakada et al. (2013) estimated that the amount
of tephra produced by these three subplinian events at about
0.66–1.2 × 107 m3 in dense rock equivalent. Small pyro-
clastic ﬂow and surges accompanied these subplinian events
(Nakada et al., 2013). Large and sudden tilt changes were
recorded simultaneously with the subplinian events (Fig. 5),
suggesting sudden deﬂations of the magma chamber located
northwest of Shinmoedake. Kozono et al. (2013) calculated
the magma ﬂuxes for three subplinian events at about 450–
563, 592–741 and 481–602 m3/s, respectively.
Prior to the onset of the subplinian event on 26 January,
volcanic earthquakes did not increase in frequency and no
obvious direct precursor was observed. However, a small
inﬂation was observed by tiltmeters on the stations near the
crater several hours before the 19 January and 26 January
events (Fig. 6).
A small mound of lava was observed in the middle of the
crater during an overﬂight of Shinmoedake crater on 28 Jan-
uary 2011 (Nakada et al., 2013). Ando et al. (2011) noted
a small lava dome of approximately 50 m across on 27 Jan-
uary. A large lava dome with diameter approximately 600 m
by 30 January was conﬁrmed by the synthetic aperture radar
(SAR) images from the Advanced Land Observing Satellite
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Fig. 5. One second averaged amplitude of infrasonic wave at station YNN and velocity vertical component seismogram (one second averaged amplitude)
at station SSE and tilt record at station TCG associated with subplinian eruption events and subsequent lava growth. Gray zones indicate three
subplinian eruption events each lasting several hours. Tilt records are corrected to remove tidal effects by BAYTAP-G (Ishiguro and Tamura, 1985).
Lower panel shows an expanded view of January 26–27 at the start of magmatic eruptive activity.
(ALOS) and by JMA on 31 January (Ando et al., 2011).
Based on photo analysis (Fig. 7), it is considered that lava
effusion stopped in early February and the ﬁnal volume of
the lava dome was estimated at 1.4 × 107 m3 (Sasaki et al.,
2011).
During the lava dome growth, a tilt change showing down
of the NWW side at TCG station (see Fig. 2) was observed,
suggesting the deﬂation of the deep magma chamber. The
total volume of deﬂation associated with subplinian events
and subsequent lava effusion was estimated as about 107 m3
(Kozono et al., 2013). This volume roughly equals to the
ejecta volume in magmatic eruption during 26–31 January.
It may suggest that magma moved from the deep magma
chamber northwest of Shinmoedake directly to the crater
without stopping beneath the crater.
The lava effusion during the period from 27 January to
the beginning of February was associated with frequent
vulcanian events, low frequency earthquakes and harmonic
tremor events (Fig. 8). We classiﬁed volcanic earthquakes
into ﬁve types, referring to Iguchi (1994) at Sakurajima
which is similar andesitic volcano with Shinmoedake.
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Fig. 6. Tilt records at TCG and SNE and one minute averaged seismic velocity amplitude at TCG (vertical component) associated with subplinian
eruption events. Gray zones indicate three subplinian eruption events lasting several hours. Steps at SNE after onset of subplinian eruption events are
noises caused by large seismic signal. Tilt records are corrected to remove tidal effects by BAYTAP-G (Ishiguro and Tamura, 1985). Lower panel
shows an expanded view of January 26–27 at the start of magmatic eruptive activity.
A-type: volcano-tectonic earthquake with clear P and
S phases and the dominant frequency is relatively high.
BH-type: low frequency earthquake with unclear S
phase and the dominant frequency more than about
3 Hz.
BL-type: low frequency earthquake with unclear S
phase and the dominant frequency less than about
3 Hz.
EX-type: explosion-quake associated with vulcanian
event.
BP-type: harmonic quake with unclear P and S
phases, characterized by regular peaks of spectra, and
composed of fundamental frequency and its overtone.
At 15:41 on 27 January, the ﬁrst vulcanian event occurred
between the second and third subplinian events. Since then,
13 vulcanian events occurred until 1 March 2011 (Table 1).
The vulcanian event at 07:54, 1 February was most en-
ergetic, accompanied by the largest shockwave (Table 1)
whose maximum amplitude was 458 Pa at YNN station
(see Fig. 2), about 3 km away from the Shinmoedake crater.
The shockwave broke glass windows in houses at Kirishima
City, located several kilometers from the crater. Ballistic
projectiles reached up to 3.2 km from the crater (Maeno et
al., 2013).
From the beginning of February 2011, eruptive activity
including vulcanian events occurred intermittently (Fig. 8).
A vulcanian event on 14 February emitted pumice frag-
ments with diameter of 1.5–5 cm that fell about 16 km NE
from Shinmoedake, which broke windshields there. In the
13 March vulcanian event, the ash plume rose as high as
4,000 m above the carter and pumice fragments with 1–4 cm
in diameter fell about 9 km SE from Shinmoedake. Further
eruption events which occurred after February 2011 sent
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Fig. 7. State of the Shinmoedake crater observed by aerial observation in late January and early February 2011. Prior to extrusion of a lava dome, an
acidic cold lake ﬁlled the bottom of the crater.
pumiceous lapilli several kilometers downwind, although
the frequency and magnitude of eruption events gradually
had decreased with time. No eruption event occurred af-
ter the 7 September 2011 event. The number of volcanic
earthquakes then decreased, and the seismicity declined by
May 2012, returning to the level before the 2011 eruptive
activity.
Based on GPS measurements by Geospatial Information
Authority of Japan, the deep magma chamber which de-
ﬂated during the subplinian events and lava effusion re-
sumed its inﬂation in the beginning of February and con-
tinued until December 2011 (Fig. 9). Extension of the base-
lines surrounding Shinmoedake almost stopped by January
2012, and contraction was observed in May 2012.
In addition to seismic and geodetic monitoring, JMA pe-
riodically measured SO2 ﬂux from the crater using a com-
pact UV spectrometer (COMPUSS) (Mori et al., 2007).
During the subplinian events, SO2 ﬂux exceeded 10,000
tons/day (Fig. 8). On 28 January when lava was found
inside the crater, the ﬂux was more than 40,000 tons/day
(Mori et al., 2011). The ﬂux decreased to the levels of
several hundred tons/day in mid-February when eruption
events were repeated, under 100 tons/day in March 2012,
and few tons/day after May 2012.
5. Magnitude and Precursors of the 2011 Shin-
moedake Eruption Events
Here we compare the magnitude of the subplinian events
on 26 January with those at other volcanoes. McNutt (1994)
showed an empirical relationship between the tremor am-
plitudes and plume heights. We used the reduced displace-
ment for the 26 January event to evaluate the plume height
based on McNutt (1994). The reduced displacement was
calculated according to the deﬁnition of Aki and Koyanagi
(1981). We found that the 26 January event follows Mc-
Nutt’s (1994) relationship, and that the subplinian event was
equivalent to that of the 1983 Pavlof eruption and smaller
than that of the 1977 Usu eruption (Fig. 10(a)). Further-
more, Fig. 10(b) shows the relationship between seismic
and infrasonic amplitudes, associated with recent eruptions
at several volcanoes in Japan. In this ﬁgure, seismic and in-
frasonic amplitudes are represented by those at a distance of
3 km and 5 km from the active crater, respectively. For con-
tinuous ash-producing eruption events, volcanic tremor and
infrasonic amplitudes are well correlated in terms of scal-
ing to eruption magnitudes (Yamasato et al., 2008). The re-
sult shows that phreatic eruption events at Shinmoedake in
2010 are almost similar to those of other phreatic eruption
events in Japan. On the other hand, the subplinian eruption
event was about an order of magnitude larger than phreatic
eruption events at Shinmoedake and similar to the largest
eruption event at Miyakejima in 2000.
As mentioned above, no remarkable precursory phenom-
ena were observed just before the ﬁrst subplinian event
on 26 January. However, after the beginning of February,
tilt changes accompanied by BH-type earthquake swarms
were often observed for about 60 hours before the events
(Fig. 11). The tilt changes showed slight uplifts of south-
west direction at the SNE station, the northwest direc-
tion at YNN and the north direction at TCG, respectively
(Fig. 12). The amounts of tilt changes were 0.001–0.2
μradian at TCG. Immediately after the eruption occurred,
the tilt changed reversely, suggesting deﬂation, and BH-
type earthquakes decreased gradually (Fig. 11). Kato et al.
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Fig. 8. Summary of volcano monitoring data for Shinmoedake from January 2011 to March 2011. Gray zones indicate lava emission. Eruption events
include phreatic, phreatomagmatic, and magmatic eruption, but exclude vulcanian eruption events. BP-type earthquake is harmonic earthquake,
BL-type earthquake is low frequency earthquake, BH-type earthquake is shallow volcano-tectonic earthquake, and A-type earthquake is deep
volcano-tectonic earthquake.
(2011) estimated the source parameters of these tilt changes
by using a dike model (Okada, 1992). The modeled dike
is set beneath the southwestern ﬂank of Shinmoedake at
depth of about 1 km (Fig. 12). The volume of inﬂation
by this modeled dike intrusion was estimated about sev-
eral 104 m3. This result suggests that magma intruded in a
dike beneath southwestern ﬂank of the crater from the deep
magma chamber just prior to individual eruption events.
6. Volcanic Alert Level of JMA
JMA ofﬁcially started issuing Volcanic Warnings and
Volcanic Forecasts on 1 December 2007 in order to miti-
gate risks and impacts from volcanic phenomena in Japan.
When the warning statements are issued, JMA also issues
the level of alert for regions around the volcano, regarding
to volcanic hazards. The Volcanic Alert Levels consists of
ﬁve levels, depending on the target areas or regions, deﬁned
in distances from the volcanic centers or craters, and the
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Fig. 9. Temporal change of EBINO-MAKIZONO GNSS baseline installed by Geospatial Information Authority of Japan (top) and GNSS site (bottom).
Table 2. Time sequence of Shinmoedake Volcanic Alert Level.
Date Volcanic Alert Level Factors of level changes
(Applied area)
2007/12/1 Level 1 Strat of Volcanic Alert Level system in Japan
2008/8/22 Level 2 Small phreatic event occurred.
2008/10/29 Level 1 Volcanic activity became calm.
2010/3/30 Level 2 Small phreatic event occurred.
2010/4/16 Level 1 Volcanic activity became calm.
2010/5/6 Level 2 Volcanic earthquakes increased.
2011/1/26 Level 3 (2 km) Subplinian event occurred.
2011/1/31 Level 3 (3 km) Vigorous growth of lava dome, increasing possibility
of pyroclastic ﬂow by its blowoff.
2011/2/1 Level 3 (4 km) A vulcanian event occurred; ballistic bombs reached 3.2 km
from the crater.
2011/3/22 Level 3 (3 km) Frequency and magnitude of eruptive events became lower
than those during January–February.
2012/6/26 Level 3 (2 km) Seismic returned into the activity level before 2011.
levels are associated with the protective actions against the
phenomena (see Appendix). The Volcanic Alert Level of
Shinmoedake was 1 (normal) in December 2007 (Table 2).
JMA raised it from 1 to 2 on 22 August 2008, when a small
phreatic eruption event occurred. As the volcanic activity
declined after the event, the Volcanic Alert Level was down-
graded from 2 to 1 on 29 October 2008.
JMA raised the Volcanic Alert Level from 1 to 2 on 30
March 2010, when a small phreatic eruption event occurred.
In response, local governments around Shinmoedake set
the areas of access restriction near the crater. After that,
JMA kept the Volcanic Alert Level in 2, because small
eruptive events occurred intermittently until July 2010 and
the seismic activity remained in a high level.
The ﬁrst subplinian event occurred at 14:49 on 26 Jan-
uary 2011. In response to this event, JMA raised the Vol-
canic Alert Level from 2 to 3 and expanded the target area
with the distance from 1 to 2 km from the crater rim at 18:00
on 26 January. Local governments around Shinmoedake
took emergency response measures such as setting up emer-
gency operation centers.
On 30 January when the diameter of lava dome was con-
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Fig. 10. (a) Reduced displacement of volcanic tremor versus volcanic
plume height. Reduced displacement (Aki and Koyanagi, 1981) corre-
sponds to represented amplitude. Except for 2011 Shinmoedake, data
are from McNutt (1994). The open circles represent the January 26
Shinmoedake subplinian eruption event. (b) Relationship between seis-
mic and infrasonic amplitude associated with continuous eruptions at
recent various volcanoes in Japan. Seismic and infrasonic amplitudes
are represented by those at a distance of 3 km and 5 km from the active
crater, respectively.
ﬁrmed to be about 500 m using a SAR image, analyzed by
the Meteorological Research Institute of JMA, a Volcanic
Warning was issued at 01:35 on 31 January 2011, and the
target area enlarged from 2 to 3 km from the crater while
keeping the Volcanic Alert Level at 3. This was because
of the possibility of pyroclastic ﬂows and surges caused by
demolition of the lava dome if an eruption event were to oc-
cur. In response, local governments prohibited access to the
volcano in the area with about 3 km from the crater. Small
resorts of hot spring and prefectural roads within the area 3
km from the crater were closed by local government. One of
local governments, Takaharu Town in Miyazaki Prefecture,
which is so close to the crater that residents were able to lis-
ten to terrible rumbling and to have received deposition of
a large amount of tephra, issued the evacuation advisory on
their own judgment. About 600 residents who lived within
the area up to 9 km east of the crater were moved to the
evacuation center located about 10 km from the crater.
At 07:54 on 1 February, a vulcanian event, the fourth
event (counting from the ﬁrst event on 27 January) occurred
and ballistic bombs reached about 3 km west from the
crater. JMA issued the Volcanic Warning at 11:20, Febru-
ary 2011, and enlarged the target area from 3 to 4 km from
the crater, keeping the Volcanic Alert Level at 3. Soon af-
ter, local government expanded the restricted area to about
4 km from the crater, and the prefectural road Route 1, con-
necting Miyazaki and Kagoshima prefectures, was closed.
On late March 2011, the frequency and magnitude of the
eruption events decreased. JMA reduced the target area
from 4 to 3 km from the crater on 22 March 2011, keeping
the Volcanic Alert Level at 3. The prefectural road Route
1 was opened by the local government, reﬂecting reduction
of the target area.
Seismicity returned to the level before 2011 and the
geodetic monitoring by tiltmeters indicated no additional
intrusion of magma beneath Shinmoedake in May 2012.
JMA reduced the target area from 3 to 2 km from the crater
on 26 June 2012, keeping the Volcanic Alert Level at 3.
In response, the local governments made the area of 3 km
from the crater accessible and hot spring resorts resumed
their business.
7. Discussion and Interpretation of Shinmoedake
Magmatic System
During the lava dome growth in the 2011 eruption, many
BL-type earthquakes, harmonic earthquakes and tremors
were observed (Fig. 8). BL-type earthquakes which are
common at andesitic volcanoes (e.g. Iguchi and Ishihara,
1990) were accompanied by small infrasonic pulses. In the
case of Sakurajima volcano, BL-type earthquake swarms,
being accompanied by harmonic tremor, were often ob-
served before explosive eruptions (Maryanto et al., 2005).
At Shinmoedake, harmonic tremor episodes occurred from
30 January to the beginning of February. The durations of
tremor episodes were several minutes to several tens of min-
utes. The tremor had regular peaks of spectra, composed of
a fundamental frequency (∼1 Hz) and its overtones. Like
BL-type earthquakes, harmonic tremor is often observed
at andesite volcanoes, such as Asama and Sakurajima (e.g.
Tameguri et al., 2005). With regard to Sakurajima, Tame-
guri et al. (2005) suggested that harmonic tremors were re-
lated to periodic volume changes caused by the resonance of
a gas pocket formed at the top of magma-ﬁlled and pressur-
ized conduit. We suggest a similar interpretation of BL-type
earthquake and harmonic tremor at Shinmoedake.
During the 2011 activity of Shinmoedake, assignment of
Volcanic Alert Levels by JMA was challenging because of
the lack of clear precursors before the onset of subplinian
events or other vulcanian events. On the other hand, af-
ter the beginning of February, tilt changes accompanying
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Fig. 11. Tilt records of TCG and hourly number of BH-type earthquakes. Tilt records are corrected to remove tidal effects by BAYTAP-G (Ishiguro
and Tamura, 1985).
Fig. 12. Observed and synthetic tilt change vectors prior to the eruption event of Shinmoedake on 3 April 2011. Synthetic tilt changes were calculated
using a dike model (Okada, 1992).
BH-type earthquake swarms were often observed up to 60
hours prior to the individual eruption events. This result
suggests that the prediction of occurrence of eruption events
may be possible for Shinmoedake eruption. At some vol-
canoes, similar tilt changes are observed just before erup-
tions, as follows. The inﬂation and deﬂation tilt patterns
have been clearly detected for individual effusive events of
the Kilauea volcano, which has a very large eruption rate
(Johnson, 1987). At Asama volcano, inﬂation tilt changes
were observed prior to the eruptions in 2004 (Churei and
Katayama, 2006). Tilt and strain changes associated with a
vulcanian event at Sakurajima volcano (Iguchi et al., 2008).
Iguchi et al. (2008) explained the process of precursory sig-
nal and eruption as follows: (1) pressure and volume in-
crease during inﬂation caused by intrusion of magma and
accumulation of volcanic gas in the conduit, and (2) pres-
sure and volume decrease during deﬂation as magma and
gas are erupted. We suggest that similar process was oc-
curred at Shinmoedake.
Though tilt changes prior to the subplinian event on Jan-
uary 26 were subtle to non-existent, small tilt changes on
18 and 26 January prior to magma eruption events were ob-
served (Fig. 6). Kato and Fujiwara (2012) point out that the
both tilt changes were similar to those observed prior to in-
dividual events that occurred after the beginning of Febru-
ary. The tilt change vectors on 18 and 26 January were
also similar to those after the beginning of February. These
observations suggest common deformation sources among
those eruption events. Kato and Fujiwara (2012) estimated
the total volume changes on 18 and 26 January in orders of
104 to 105 m3. The volume of deﬂation of the deep magma
chamber during subplinian events and lava dome growth
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Fig. 13. Schematic illustration of 2011 Shinmoedake eruptive activity.
was estimated as about 107 m3 (Kozono et al., 2013). It
is in two orders larger than the inﬂation volume prior to 18
and 26 January events, and is similar to the ejecta volume
from 26 January to the beginning of February.
Figure 5 shows that the volcanic tremor, the infrasound
and the tilt change coincided with the start of the subplinian
event on 26 January. According to tiltmeter observation,
deﬂation of the deep magma chamber is thought to have
started at 16:00, preceded by the increase of seismic and air
wave amplitudes at 14:49. These results may suggest that
a large amount of magma started to move from the deep
magma chamber to beneath the summit crater at around
16:00. The eruption between 14:49 and 16:00 were caused
by the magma which once had intruded into the shallow
region beneath Shinmoedake prior to the subplinian event.
As little magma moved toward Shinmoedake until the sub-
plinian event started, it was difﬁcult to forecast the onset of
subplinian event with a sufﬁcient leading time. Therefore,
JMA had to issue the Volcanic Alert Level based on the vi-
sual observation of the eruptive phenomenon. Despite the
delay of Volcanic Alert Level, local governments and res-
idents could prevent any loss of life or injury. To improve
the accuracy and timeliness of future alerts at Shinmoedake,
JMA installed additional observation stations in the north-
western part of Shinmoedake. Through this improvement, it
is expected that JMA will have better sensitivity to discern
changes in magma plumbing and movement that may lead
to eruption; this should allow issuing of timely alerts. In ad-
dition, during the 2011 Shinmoedake eruptive activity, de-
ﬂation of magma chamber, caused by the subplinian events
and lava dome growth, was observed by tiltmeter (Fig. 5)
and GPS (Kozono et al., 2013), which enabled us to eval-
uate the location and volume of magma and was useful to
detect magma movement by geodetic observations.
8. Conclusion
Figure 13 shows a schematic illustration of the 2011
Shinmoedake eruptive activity. Following repeated phreatic
eruption events during 2008–2010, Shinmoedake started
magmatic eruption events. Juvenile materials found in vol-
canic ash on 19 January 2011 suggested the arrival of new
magma from the deep magma chamber located northwest
of Shinmoedake. The eruptive activity escalated into the
subplinian phase on 26 January. Three subplinian events
occurred by the evening of 27 January. Soon after that, lava
effusion began to ﬁll the summit crater. Vulcanian events
started in the evening of 27 January with the strongest event
on 1 February.
During the 2011 eruption, a large amount of ash by the
subplinian events damaged habitation areas around Shin-
moedake. Windows of houses near Shinmoedake were bro-
ken by the strong shockwave from the vulcanian event on 1
February. Since then, the eruptive activity decreased with
time, though it continued intermittently until September
2011. The seismic activity started to decline in March 2012,
and reached the level before the eruption in May 2012.
In response to the 2011 Shinmoedake eruption, JMA is-
sued several Volcanic Warnings and advised local govern-
ments to take critical mitigation measures. At the start of
the eruptive activity, JMA had set the Volcanic Alert Level
as 2 and the local governments prohibited the people to ap-
proach near the summit crater. JMA could not issue Vol-
canic Warnings before the onset of subplinian event due to
a lack of clear precursory signals. The Volcanic Alert Level
was upgraded by JMA, based on the observation results of
eruption phenomena. Integration of geodetic, seismic, and
gas ﬂux monitoring made it possible to clarify migration
of a large amount of magma from the deep magma cham-
ber, located northwest of Shinmoedake, to the summit crater
soon after 26 January subplinian event started. The 2011
eruption at Shinmoedake highlighted the importance of de-
tection and interpretation of magma migration in order to
issue timely warnings to local people and governments in
order to mitigate risks from volcanic phenomena.
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Fig. A.1. Volcanic Alert Level in Volcanic Forecasts/Warnings. Note that targeted areas with actions depend on the extent of possible hazards. This
table is the generic table for all volcanoes in Japan. Designated areas are described in literature such as regional disaster prevention plans.
Fig. A.2. Volcanic Alert Level and regulation area of Shinmoedake.
Appendix A. Volcanic Alert Level of JMA
Japan Meteorological Agency (JMA) began issuing Vol-
canic Warnings and Volcanic Forecasts on 1 December,
2007 to inform the public and others at risk and minimize
the impacts of eruptions. Volcanic Warnings and Volcanic
Forecasts are issued individually for every volcano in Japan,
and specify the regions around the volcano where people
need to take speciﬁc action. Volcanic Warnings are issued
to residents through the media, prefectural ofﬁces and local
municipalities.
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JMA also started issuance of Volcanic Alert Levels. Be-
fore the start of Volcanic Warnings, Forecasts, and Alert
Levels, JMA had issued ‘Volcano Information’ during vol-
canic unrest and eruption emergencies. Although Volcano
Information had been also used by local governments to
decide disaster countermeasures, the link to the disaster
prevention action was regarded as ambiguous. This re-
sult urged JMA to develop the current Volcanic Alert Level
system. There are ﬁve Volcanic Alert Levels based on
the disaster mitigation measures required in the target area
(Fig. A.1). Volcanic Alert Levels are described with action
summary keywords: ‘Evacuate’, ‘Prepare to evacuate’, ‘Do
not approach the volcano’, ‘Do not approach the crater’ and
‘Normal’, respectively. These descriptions enable residents
and climbers to take quick and appropriate action to protect
themselves in the event of volcanic unrest or eruption. Vol-
canic Alert Levels are announced by JMA when issuing Of-
ﬁcial Volcanic Warnings and Volcanic Forecasts. Volcanic
Alert Levels are applied to 29 of the 110 active volcanoes in
Japan as of March 2013, and will be applied to other volca-
noes when coordination with local municipalities and other
related organizations is completed. Speciﬁc precautionary
actions to be taken in response to Volcanic Alert Levels are
described in literature such as the regional disaster preven-
tion plans of municipalities and prefectures.
The Volcanic Alert Level of Shinmoedake applied on 1
December 2007 (Fig. A.2). There is no restriction corre-
sponding to level 1. If JMA issues Volcanic Alert Level
2, local municipalities should restrict access to within ap-
proximately 1 km of the crater. As for level 3, approach-
ing within approximately 2–4 km radius from the crater rim
is prohibited. When level 4 or 5 is issued, residents must
evacuate or prepare for evacuation from the target area. The
assigned level is determined based on considering the pre-
sumed area where pyroclastic ﬂows, ballistic bombs and la-
hars may reach. If the area coincides with permanent resi-
dents, a decision may be made to evacuate. Though other
phenomena such as tephra fall and shock waves are also
harmful, it is relatively easy to avoid them by sheltering in
place. JMA issued Ash Fall Forecasts when a large erup-
tion (i.e., one with an ash plume height of over 3,000 m
above the crater) occurs. These forecasts specify regions in
which volcanic ash may fall in approximately 6 hours af-
ter the eruption. Therefore, consideration of the impacts of
tephra fall and shock waves are not included in the criteria
for designating target area.
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